Introduction
The skin is the outermost barrier against environmental challenges and protects the body against radiation, dehydration and invading microorganisms. In order to maintain its functionality, it is of vital importance that injuries are rapidly detected and efficiently repaired. Keratinocytes at the wound edges respond immediately with the release of preformed interleukin-1 (IL-1), which acts in concert with other soluble factors such as transforming growth factor b (TGF-b) and various chemokines to initiate the repair process (Martin, 1997; Singer and Clark, 1999; Werner and Grose, 2003) . Rapid wound closure is subsequently achieved through the coordinated action of a variety of different cell types, including keratinocytes, dermal fibroblasts and cells of the immune system, which are activated and invade the injured area in response to cytokines in the wound fluid (Gillitzer and Goebeler, 2001; Werner and Grose, 2003) .
Different lines of evidence have suggested a critical role of the transcription factor AP-1 in skin homeostasis (Angel et al., 2001; Li et al., 2003; Zenz et al., 2003) . AP-1 represents a set of dimeric complexes composed of members of the Jun, Fos and ATF families, which assemble into homo-(Jun/Jun) or heterodimers (Jun/ Fos, Jun/Fra, Jun/ATF; van Dam and Castellazzi, 2001) , and synergize or interfere with other transcription factors (Chinenov and Kerppola, 2001; Herrlich, 2001) . AP-1 mediates gene expression in response to a variety of stimuli, including growth factors, cytokines, oncoproteins and chemical carcinogens (Angel et al., 2001) . In skin, cytoskeletal proteins of the keratin family, markers of keratinocyte differentiation such as loricrin, dermal extracellular matrix components like collagen (I)-a2 as well as matrix metalloproteinases and cytokines are under AP-1 control (Angel et al., 2001) . Although many of these genes are known to be induced upon tissue damage and have been reported to play an important role during wound healing, c-Jun expression in keratinocytes seems not to be required for epithelial repair. Specific deletion of c-Jun in keratinocytes of mice does not result in an overt phenotype, and wound closure seems to be only mildly affected (Li et al., 2003; Zenz et al., 2003) . Notably, proliferation as well as migration of keratinocytes isolated from these mice are significantly impaired, but can be rescued by the addition of recombinant growth factors, such as keratinocyte growth factor (KGF; fibroblast growth factor 7 (FGF-7)) and granulocyte-macrophage colony-stimulating factor (GM-CSF) (Zenz et al., 2003) . It is tempting to speculate that in vivo these type of proteins, which are produced and secreted by mesenchymal cells, will compensate in a trans-regulatory manner for cell-autonomous defects in keratinocyte proliferation. This concept of trans-regulatory interaction between keratinocytes and cells of the mesenchyme, predominantly fibroblasts, is well supported by in vitro organ culture studies of Szabowski et al. (2000) , who described a double paracrine mechanism involving AP-1 activity in fibroblasts, modulating keratinocyte proliferation and differentiation. In an in vitro reconstituted skin equivalent reflecting early molecular events of skin regeneration, the influence of genetically modified murine fibroblasts on proliferation and differentiation of cocultured primary human keratinocytes was investigated. Here, keratinocyte-derived IL-1 triggers the expression of AP-1 target genes in fibroblasts, including KGF and GM-CSF, which act back on keratinocytes to modulate proliferation and differentiation. In the presence of c-Jun-deficient fibroblasts, human keratinocytes proliferated only poorly and differentiation was also reduced, whereas hyperproliferation as well as increased differentiation was observed in cocultures with fibroblasts deficient in JunB. These phenotypes could be attributed, at least in part, to the antagonistic regulation of kgf and gm-csf by c-Jun and JunB in fibroblasts (Szabowski et al., 2000) .
Although the pathways in fibroblasts that are triggered by keratinocyte-derived IL-1 have been extensively studied, besides KGF and GM-CSF, little is known about AP-1 target genes mediating the cellular response to wounding. In the present study, we have employed large-scale gene expression profiling using a 15 000 cDNA collection to identify the genetic program of 1500 c-Jun/JunB-dependent and -independent genes in fibroblasts whose expression is regulated by IL-1 and which are likely to be involved in the process of cutaneous wound healing.
Results

Induction of known Jun target genes by IL-1 in fibroblasts
To examine the gene expression profile in untreated versus IL-1 stimulated wt, c-jun-or junB-deficient fibroblasts, we first determined the appropriate time point for RNA isolation by analysing the kinetics of the induction of kgf and gm-csf (Figure 1a) , two direct AP-1 target genes known to be upregulated in response to IL-1 in fibroblasts (Szabowski et al., 2000) . Maximal induction of kgf and gm-csf was observed between 6 and 8 h of IL-1 treatment in wt and junBdeficient fibroblasts. In agreement with the strict c-Jun dependency of expression in untreated wt fibroblasts (Szabowski et al., 2000) , neither kgf nor gm-csf transcripts were detected in cells lacking c-Jun, even after IL-1 treatment. Based on these results, the intermediate time point of 7 h was selected for the identification and global expression analysis of IL-1-responsive genes. RNA integrity and effective IL-1 stimulation were confirmed by RT-PCR for kgf and gmcsf (data not shown). Wild-type, c-jun-or junB-deficient MEFs were treated with 5 ng/ml IL-1a for the indicated time periods. Semi-quantitative RT-PCR for kgf and gm-csf was performed to determine the time point of maximal induction of Jun target genes by IL-1a. b-Tubulin was used for standardization. (b) Schematic illustration of the experimental design. The first set of hybridizations (solid arrows) separately addressed the gene expression profiles of untreated (open boxes) versus IL-1-stimulated (shadowed boxes) wild-type, c-jun and junB-deficient fibroblasts. In a second set of experiments (dashed arrows), the IL-1-stimulated cells of all three genotypes were compared with each other. All hybridizations were performed in duplicate including a color switch Jun-regulated genes during wound healing L Florin et al
Experimental design
To perform large-scale gene expression profiling of untreated and IL-1-treated wild-type and mutant cells, the 15K NIA cDNA clone collection was used, which comprises of 15 248 cDNA sequences from genes expressed during embryonic development (Ko et al., 1998; Tanaka et al., 2000) . Of these, around 75% are ESTs without functional annotation, thereby allowing the identification of yet unknown genes. In total, we performed 12 independent microarray hybridizations ( Figure 1b ): in one experimental setup, gene expression in untreated versus IL-1-stimulated wild-type, c-jun-and junB-deficient fibroblasts was analysed separately for all of the three genotypes. In a second set of hybridizations, the expression profiles of stimulated c-jun À/À and junB À/À cells were compared to each other and to wt cells. All experiments were performed in duplicate with reversed assignment of fluorophors ('color switch'). In light of the replicative design of the chip with each clone being represented by two spots, this experimental setting ensured a high degree of internal controls.
Identification of novel Jun-dependent and IL-1-responsive genes
Of the overall 15 248 sequences printed on the 15K NIA microarray chip, 10 180 clones (67%) were obtained as evaluable data sets. The remaining 5067 clones showed no detectable expression across the series of hybridizations, suggesting very low levels of expression in fibroblasts. Out of the 10 180 expressed cDNAs, 1526 (15%) were differentially expressed by more than 2.46-fold between unstimulated or IL-1-treated wt and mutant fibroblasts.
We identified 1198 Jun-regulated clones, most of which (1097) were IL-1 independent (Set I), whereas 101 genes showed not only Jun dependency but also significantly altered expression upon IL-1 treatment (Set II). In addition, we found 329 cDNA sequences to be differentially expressed after IL-1 stimulation, which were not affected by the deletion of either c-Jun or JunB (Set III; gene names and microarray data are listed in Tables 1 and 2) .
Using an advanced combinatorial evaluation method, we were able to further determine the specific contribution of c-Jun and JunB to target gene expression. In this extended query, fluorescence ratios representing differential expression were categorized as up-, down-or not regulated, rather than considering absolute values. Thus, genes were included whose expression levels could be below the level of detection in one of the three genotypes analysed (e.g. kgf and gm-csf in c-jun À/À fibroblasts; Figure 1a ). Responsiveness to IL-1 treatment was determined with respect to gene expression values in the wt cells or, if no expression was detectable in these cells, by the average ratios measured in c-junand junB-deficient fibroblasts.
Using this approach, we defined distinct subsets of genes ( Figure 2b ) that were activated or repressed by single deletion of c-Jun or JunB, while targeted deletion of the respective other Jun member had no influence on the expression level. Another subgroup of genes was properly expressed only in wt cells harbouring both AP-1 subunits. Interestingly, we also identified an array of 32 genes that were antagonistically controlled by cJun and JunB. Notably, nearly equal numbers of genes were found to be activated and repressed by either Jun protein, the major group even being negatively regulated by both AP-1 components as indicated by elevated mRNA levels in either one of the mutant cell lines, when compared to wt fibroblasts.
Validation of microarray results
In order to confirm the microarray-derived data by an independent assay, we performed semi-quantitative RT-PCR for an initial set of 34 genes using the same RNA that was used for hybridization ( Figure 3 ). For 28 out of these 34 genes (83%), the pattern of differential gene expression obtained by chip analysis could be confirmed. The collection of 28 validated genes comprised representative examples of all of the subgroups depicted in Figure 2b , including seven IL-1-responsive clones. For instance, mRNA levels of Jun-activated genes, such as matrix GLA protein (mglap) and cd24a as examples for c-Jun and JunB targets, respectively, were shown to be reduced or not detectable in the respective jundeficient cells when compared to wt cells. Lipocalin-2 (lcn2), as a representative of the class of newly identified IL-1-inducible genes, was verified to be repressed by JunB as deduced from elevated basal expression in the absence of JunB and further induction upon stimulation of the cells with IL-1. Thus, the expression profile extracted from the microarray data could be largely confirmed.
Identification of novel wound regulated genes
Since the release of IL-1 from keratinocytes represents an early event in response to skin injury in vivo, we asked whether the Jun target genes identified in the microarray screening were regulated during wound healing. Indeed, screening of the literature revealed at least 19 of the differentially expressed genes, for which regulation in skin wounds has been described (Table 3 ). For some of them, for example, b1-integrin, osteopontin, lumican and decorin, a critical role in skin homeostasis and repair has been demonstrated in functional studies using knockout and transgenic animals (Danielson et al., 1997; Chakravarti et al., 1998; Liaw et al., 1998; Grose et al., 2002, respectively) .
In order to further identify novel genes involved in cutaneous repair, we analysed the expression of the 28 validated clones (Figure 3 ) during the wound-healing process. RNA was isolated from full-thickness excisional back skin wounds of mice at various time points after injury and gene expression levels were monitored by semi-quantitative RT-PCR (Figure 4) . Out of 28 genes analysed, seven (25%) were transiently upregulated during wound repair (Figure 4a ). Interestingly, only two of them (lcn2 and mail pending) were also upregulated in response to IL-1 in fibroblasts. Conversely, the yet uncharacterized clone rikenA030007 was confirmed to be induced by IL-1, but its expression levels remained unchanged during wound healing. Kgf and gm-csf, which are known wound-healing-associated genes (Werner et al., 1992; Mann et al., 2001) , served as internal controls (Figure 4b ). Five Jun-regulated genes (disabled-2 (dab2), rras2, TGF-b1-induced transcript 4 (tgfb1i4), mglap and hca112) showed increased expres- In all, 10 genes of each subgroup exhibiting highest differential expression compared to wild type are listed. In addition, genes showing modulated expression after IL-1 stimulation were analysed by RT-PCR. Gene denomination and UniGene/GenBank entries were provided by NIA. The complete list of identified genes is available on demand sion between 0.5 h up to 7 days after injury (Figure 4a ), which is likely to be independent of IL-1 (Figure 3 ). To our knowledge, none of these seven woundregulated genes has so far been implicated in skin regeneration, underscoring the value of our approach to identify novel genes involved in this process. Given the reliability of the microarray data of at least 83%, one might expect a total of over 200 Jun and IL-1-regulated genes, exhibiting alterations in expression during the process of wound healing.
Cell type-specific gene expression in wounded skin
In order to define exactly the cell type responsible for the expression of the newly identified wounding-associated genes in vivo, in situ hybridization analysis was performed on skin biopsies, which were isolated 1 day after wounding. The JunB target gene lcn2 and the cJun-regulated tgfb1i4, both of which exhibit maximal induction at this time point, showed strong expression in fibroblasts ( Figure 5 ), confirming expression analysis in fibroblasts in tissue culture. In addition, expression of both genes is also observed in keratinocytes ( Figure 5 ), whereas transcripts of the c-Jun target dab2 were detected mainly in fibroblasts.
Discussion
In an attempt to identify novel AP-1-dependent target genes involved in the process of wound healing, we analysed the gene expression profile of untreated and IL-1-stimulated wild-type and either c-jun-or junBdeficient fibroblasts. For this purpose, we generated a 15K microarray, which contains the NIA clone collection consisting mainly of unknown genes (Ko et al., 1998; Tanaka et al., 2000) . The fibroblasts were cultured under low serum conditions to mimic the quiescent state of their dermal counterparts in vivo. Subsequently, cells were treated with IL-1, mimicking its immediate release by keratinocytes and its early expression by polymorphonuclear leukocytes in the wound (Hu¨bner et al., 1996) and thereby stimulating AP-1 activity in fibroblasts (Muegge et al., 1989; Williams et al., 1992) . The time point for the subsequent chip analysis was chosen as a result of the induction kinetics of kgf and gm-csf, two known AP-1-dependent target genes (see Figure 1a ) in response to IL-1. Taken into account that IL-1 regulation is not necessarily coupled to Jun-dependent gene expression and vice versa, a combinatorial analysis was applied (see Figure 1b) , which should lead to the identification of genes, which are Jun dependent, IL-1 regulated or fulfil both criteria.
More than 1000 cDNA clones could be identified, which show a deregulated expression in c-Jun-or JunBdeficient fibroblasts compared to wild-type cells (see Figure 2a and Table 1 ). The considerably higher number The top 30 genes induced or repressed by IL-1 are presented. Jun dependency in fibroblasts, if determined, is indicated on the right. Gene names, UniGene and Gene Bank numbers were obtained from NIA. The complete list is available on demand. Ant: antagonistically regulated (1097) compared to the amount of IL-1-regulated genes (328) (see also Table 2) may be due to the fact that the applied approach does not distinguish between direct Jun target genes and indirectly Jun-regulated genes. However, the stimulation for 7 h favors the identification of direct IL-1-responsive Jun-regulated genes. As expected, the number of genes in the intersection of IL-1-and Junregulated genes is reduced to 101 (see Figure 2a) . In addition to induction of the JNK pathway, which modulates the activity of c-Jun as well as other transcription factors like ATF-2 and Elk-1 (Weston and Davis, 2002) , the inductive stimulus IL-1 simultaneously triggers the IKK-NF-kB signal transduction pathway (Baud et al., 1999) . There is increasing evidence for a crosstalk between the IKK/NFkB and JNK pathway and a convergence at the level of target gene promoters, leading to an additive and/or synergistic Genes for which the prediction could only be partially substantiated are indicated by an asterisk (*). Primer pairs used for PCR analysis are listed in the Supplementary Table 1 Jun-regulated genes during wound healing L Florin et al activation (Kralova et al., 1996; Li et al., 2000; Tang et al., 2001) . Therefore, it is reasonable to assume that genes that show an altered Jun-dependent basal expression are still IL-1 responsive via the regulation of these transcription factors. Accordingly, in some of the identified IL-1-regulated Jun target genes (e.g. Mailpending, an Bcl-3-related IkB family member, and the proinflammatory cytokine Lipocalin-2), NF-kB binding sites have been mapped within the promoter (Cowland and Borregaard, 1997; Shiina et al., 2001) . Based on the initial observation that the protooncogene c-Jun exhibited a transforming activity when overexpressed in fibroblasts, and that cell-cycle regulators such as Cyclin D1 as well as growth factors (such as KGF, GM-CSF and HB-EGF) were found to be activated by c-Jun (Shaulian and Karin, 2002), c-Jun was considered for a long time as the general activator of AP-1-dependent transcription, whereas JunB was proposed to exert opposing functions by mediating repression of AP-1 target genes and acting as a general repressor . However, the subgroup of antagonistically regulated genes, which fit into this category, represents the smallest subset of genes identified in this screen (see Figures 2b and 3) . Moreover, it was recently demonstrated that the role of c-Jun in stimulating proliferation is not only exclusively based on the activation of target genes but also on the repression of cell-cycle inhibitors like p16 INK4 and p53 (Mechta-Grigoriou et al., 2001; Shaulian and Karin, 2002) . Moreover, JunB is able to regulate positively gene expression, for example, by influencing cell-cycle control via activating p16 and Cyclin A (Andrecht et al., 2002; Passegue´et al., 2002) . The ability of JunB to compensate functionally the loss of c-Jun during embryonic development (Passegue´et al., 2002) supports the idea that JunB is able to act as an activator, at least at some c-Jun-regulated genes. In line with these observations, our data do not indicate functional preferences between c-Jun and JunB to either activate or repress gene transcription. Instead, distinct sets of c-Jun and JunB target genes were identified, of which nearly equal numbers were positively and negatively modulated (see Figures 2b and 3) .
Interestingly, the largest subgroup of genes represents those, which turned out to be synergistically activated or repressed by both, c-Jun and JunB (see Figures 2b and  3) . The underlying molecular mechanism of this regulation may involve combinations of direct as well as indirect effects via the control of upstream components. Since c-Jun/JunB heterodimers are not able to bind to DNA (Deng and Karin, 1993) , it is more likely that both subunits dimerize with specific partners and bind to different AP-1 sites to act synergistically on the same promoter.
To confirm the results from the combinatorial microarray analysis by an independent method, semiquantitative RT-PCR analysis was performed for 34 genes representing all groups concerning the regulation mentioned above (see Figure 3 , Tables 1 and 2 and data not shown). The high degree of overlap (83%) of both methods mirrors the typical rate of 15% false-positives previously reported for microarray studies (for review, see Lee et al., 2000) .
Since the experimental design of the screen was concentrated on the identification of novel Jun targets involved in wound healing, altered gene expression during the course of this process in vivo was the most stringent selection criteria. As listed in Table 3 , a considerable number of newly identified Jun-regulated genes have already been associated with wound healing. Moreover, seven novel wound-regulated AP-1 target genes could be identified, which have so far not been Jun-regulated genes during wound healing L Florin et al implicated in this process (see Figure 4a ). Increased mRNA levels of these genes in wounded skin after 6 h is likely to be mostly due to enhanced transcription, rather than a contribution of some infiltrating immune cells, which are responsible for the subsequent boost of an inflammatory response. It is reasonable to assume that the initial IL-1 release by keratinocytes of the wound edge represents the triggering signal for lcn2, mail-pending, kgf and gm-csf, because IL-1 is also a strong stimulus of transcription in vitro. In contrast, the upregulation of the other genes in the wounded skin is not mimicked by IL-1 treatment in vitro, arguing that other cytokines are responsible for the observed effect. Various cytokines and growth factors are secreted in the early phases after wounding (Singer and Clark, 1999; Gillitzer and Goebeler, 2001; Werner and Grose, 2003) and have an impact on gene expression in fibroblasts. One likely candidate is TGF-b1, which is immediately released from platelets and described to serve as potent mitogen and chemoattractant for neutrophils, macrophages and fibroblasts (O'Kane and Ferguson, 1997) . This idea is supported by the observation that tgfb1i4 turned out to be upregulated in wounds. In addition, TGF-b is able to antagonize the induction of genes by other stimuli, for example, as described for the IL-1 receptor antagonist (Bodo et al., 1998) . Therefore, it is also not surprising that some in vitro IL-1-responsive genes are not wound Jun-regulated genes during wound healing L Florin et al regulated, as shown for the rikenA030007 sequence (see Figures 3 and 4 ). Since the screen is performed in fibroblasts in vitro and the elevated mRNA levels at 6 h postwounding in vivo most likely reflect transcriptional upregulation in cells residing in close proximity of the wound, particularly in fibroblasts, we still aimed to confirm the assumption of the in vivo source of the transcripts by in situ hybridization (see Figure 5) . Besides keratinocytes, fibroblasts are indeed the major cell type, which expressed the identified genes, as shown for lcn2, dab2 and tgb1i4.
In summary, we identified an intriguing number of novel c-Jun-and JunB-dependent genes expressed in fibroblasts, as well as more than 300 IL-1-responsive genes. Furthermore, for seven of these genes, a wound regulation in vivo could be shown and for three of them, fibroblasts were confirmed to be a source of expression in the healing skin. The provided data might serve as a basis for better understanding of the role of AP-1 in skin biology.
Materials and methods
Cell lines and RNA preparation
Immortalized wild-type, c-jun-and junB-deficient mouse embryonic fibroblasts (MEFs) have been described previously (Schreiber et al., 1999; Andrecht et al., 2002) . Cells were seeded and grown to subconfluency. Subsequently, cells were starved by culturing in medium containing 0.5% FBS for 48 h and afterwards either left untreated or stimulated with IL-1a (R&D Biosystems GmbH, Wiesbaden, Germany) for 7 h. Total RNA was isolated using TRIzol s reagent (Invitrogen GmbH, Karlsruhe, Germany) and subsequent column purification (RNeasy Kit, Quiagen, Hilden, Germany).
Generation of the 15K NIA microarray
The NIA 15K clone set containing 15 247 sequences collected from embryonic cDNA libraries (including preimplantation stage embryos from unfertilized egg to blastocyst, embryos at E7.5 and E12.5 female mesonephros/gonad) and newborn ovary tissues was utilized to generate the 15K NIA cDNA microarray (Ko et al., 1998; Ko et al., 2000; Tanaka et al., 2000; Kargul et al., 2001 ; sequence information is available at the web site of the National Institute on Aging (http:// lgsun.grc.nia.nih.gov/cDNA/15k.html). All clones are available as inserts of a modified pSPORT1 vector (Life Technologies, Rockville, MD, USA), propagated in clones of the Escherichia coli strain DH10B. To amplify cDNA inserts, PCR primers 5 0 -CCAGTCACGACGTTGTAAAACGAC-3 0 and 5 0 -GTGTGGAATTGTGAGCGGATAACAA-3 0 (Biospring, Frankfurt, Germany) were designed from sequences flanking the multiple cloning site of the vector. For each cDNA clone, amplification was performed as described in Tanaka et al. (2000) . After precipitation, the PCR fragments were dissolved in 30 ml spotting buffer containing 3 Â SSC and 1.5 M betaine (Diehl et al., NAR 2002) and were spotted on QF epoxy substrates (Quantifoil Microtools, Jena, Germany) using an OmniGrid Microarrayer (GeneMachines, San Carlos, CA, USA) equipped with Stealth SMP3 Micro Spotting Pins (Telechem).
Labeling and hybridization of samples
Fluorescence-labeled cDNA was generated by reverse transcription of 40 mg total RNA according to standard protocols (DeRisi et al., 1997) using an Omniscript RT Kit (Qiagen) and Cy3/Cy5-dUTPs (NEN Life Science Products, Ko¨ln, Germany). Subsequently, Cy3-and Cy5-labeled cDNA samples were pooled, purified and concentrated using Microcon YM-30 PCR filter units (Millipore, Eschborn, Germany) as described previously (DeRisi et al., 1996; Schena, 1996; DeRisi et al., 1997) . Samples were diluted in DigEasyHyb (Roche Diagnostics, Mannheim, Germany) and hybridized to microarray slides for 16 h at 371C under gentle agitation. Thereafter, the slides were washed at room temperature with: (i) 1 Â SSC/ 0.1% (w/v) SDS; (ii) 0.1 Â SSC/0.1% SDS for 5 min; (iii) 70% ethanol for 30 s; (iv) 100% ethanol for 30 s; and (v) finally airdried (Schlingemann et al., 2003) . To account for the systemic error caused by different properties of the fluorescent dyes concerning incorporation, mean brightness and background noise, the hybridizations were always performed in duplicate experiments with interchanged assignment of fluorescent dyes ('color switch').
Data acquisition and analysis
Microarrays were scanned and processed using a GenePix 4000A microarray scanner in combination with the software GenePix Pro 3.0. (Axon Instruments Inc., Union City, NJ, USA). Subsequent data analysis and selection were performed using Microsoft Excel. After local background subtraction for each individual spot, the mean of signal intensities and logarithmic fluorescence ratios (Cy5/Cy3) of the replicate spots representing the same gene was calculated. For each hybridization, mean ratios were normalized by the median logarithmic ratio (ln ratio) of all genes found in that experiment. Accurate differential expression values for each gene were obtained by calculating the average of normalized ratios of replicate experiments after reversing the values obtained in the respective color switch experiment.
Data sets representing differentially expressed genes were selected applying the following criteria: (i) evaluable data obtained in at least two independent experiments, (ii) mean signal intensities beyond the threshold set at 300 U, and (iii) mean of normalized logarithmic ratio higher than 1.3 (meaning differential expression of more than 2.46-fold).
RT-PCR analysis
The same RNA samples used for hybridization were applied to semi-quantitative RT-PCR for validation of the microarray data. cDNA synthesis was performed according to standard protocols using oligo(dT) and random hexamer oligonucleotides. Gene-specific fragments were obtained by linear phase PCR amplification with b-tubulin serving for standardization. Primer sequences are listed in the Supplementary Table 1.
Wound healing experiments
Four full-thickness excisional wounds were generated on the back of female BALB/c mice (10-12 weeks old) by dissecting skin and panniculus carnosus as described (Werner et al., 1992) . The wounds were left untreated. For RNA expression studies, mice were killed at different time points after injury. Complete wounds including 2 mm of the epidermal margins were excised, immediately frozen in liquid nitrogen and stored at À801C until used for RNA isolation. Wound-healing experiments were performed with permission from the local authorities in Zurich, Switzerland.
In situ hybridization
In situ hybridization was performed on 7 mm cryosections of full-thickness excisional mouse back skin wounds at day 1 after injury. Sense and antisense probes were generated by run-off in vitro transcription of the corresponding PCR fragments cloned into the vector pGEM-T-Easy (Promega GmbH, Mannheim, Germany) in the presence of digoxygenin (DIG)-labeled dUTPs. The hybridization was performed at 551C for 4 h. Hybridized probe was detected by peroxidaseconjugated anti-DIG antibodies (Roche Diagnostics) using diaminobenzidine (DAB; Vector Laboratories Ltd, Peterborough, UK) as substrate. Sections were counterstained with hematoxylin.
